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C1RCULA.R DICHROISM AND SEQUENCE O F  NUCLEOTIDES IN NUCLEIC ACIDS 

(Presented by Academician V. A. Engel'gardt, October 16, 1965) 

G. 8. Zavil 'gel 'skiy, T. V. Venkstern, A. A. Bayev 

ABSTRACT 

This a r t i c l e  proposes t o  use c i r cu la r  dichroism 

t o  determine t h e  order of the bases i n  oligonucleotides, 

and f inds  t h a t  t h i s  method is ef fec t ive .  

The procedure f o r  determining the  sequence of bases in oligonucleo- /978* ~ 

t i d e s  which is car r ied  out, f o r  example, when studying the  primary struc- 

t u r e  of nucleic  acids is  laborious and not  always re l iab le .  

I 

This is equally 
I 

true of i t s  chemfcal and enzymatic var ia t ions.  Spectrophotometry (Ref. 1 )  i 
enables us t o  determine the composition of di- and t r inucleot ides ,  but  is  

powerless t o  es tab l i sh  the sequence of bases i n  them. It i s  na tu ra l  t h a t  

the des i r e  should arise t o  make a n a l y s i s  of oligonucleotides automatic and 

t o  develop new, par t i cu la r ly  physical,  methods of ascer ta ining sequence. 

I 

I 

Measurement of c i r cu la r  dichroism (c.d.) i n  synthet ic  polynucleotides, 

RNA, and DNA has shown t h a t  i n  the  220-300 mu region the  shape and inten- 
I 

1 

I 

s i t y  of dichroic  bands i n  polymers i s  the  simple sum of the contributions 
I 

of the individual nucleotides and may serve as a sens i t i ve  test of changes 

i n  secondary s t ruc tu re  (Ref. 2-4). The assumption has been expressed t h a t  

* Note: Numbers i n  the margin ind ica te  pagination i n  the o r ig ina l  foreign 
tex t .  



t h e  c.d. e f f e c t  and, consequently, anomalous dispers ion of op t i ca l  a c t i v i t y  

(a.d.0.a.) i n  polymers, is pr incipal ly  determined by the  react ion of 

adjacent ni t rogen bases. 

curves f o r  s p i r a l  polynucleotides agreed w e l l  with experiment (Ref, 5). 

same work advanced the  hypothesis t ha t  t h e  c.d, e f f e c t  determined by the  

reaction between bases should be observed even i n  the simplest  system com- 

posed of a nucleotide pair .  Measurement of t he  a.d.0.a. curve (and of t h e  

c.d, curve recalculated by the Kronig-Kramers conversion) i n  the  dinucleo- 

t i d e  ApA completely confirmed the  va l id i ty  of the  theo re t i ca l  asslanptions 

(Ref. 6). 

Theoretical  computation of t h e  form of c. d. 

The 

The present work proposes t o  use cod. t o  determine t h e  order of the 

bases i n  oligonucleotides. 

(1) t h e  c.d. e f f e c t  i n  the dinucleotides is  determined by the  react ion 

between the  bases and does not coincide with the sum of t h e  c.d. e f f e c t s  of 

the  separa te  nucleotides,  and (2) i n  more complex oligonucleotides the  main 

contr ibut ion t o  the c.d. curve is  made by the  react ions between the  c loses t  

I n  so doing w e  start from two posi t ions:  

neighbors, i.e., for an olgonucleotide, t he  c.d. curve may be regarded i n  

the  f i r s t  approximation as the  sum of t he  c.d. curves of the individual  

nucleot ide pa i r s .  

The oligonucleotides w e r e  separated from the  enzymatic hydrolysates of 

t ranspor t  RNA of baker's yeas t  by means of ion-exchange chromatography and 

p a r t i t i o n  chromatography on paper; t h e i r  composition and order w e r e  determined 

by methods described in  (Ref. 7).  The dinucleotide TpT w a s  kindly furnished 

by D. Shugar ( I n s t i t u t e  of Biochemistry and Biophysics of t he  Pol ish Academy 

of Sciences, Warsaw) and the  polyuridyl ic  acid by R. S. Nezlin ( I n s t i t u t e  of 

Molecular Biology of the  Academy of Science, USSR). 
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Figure 1 

Circular Dichroism Curves of Mononucleotides. 
were dissolved in distilled water [pH 5-61.) 

1 - cytidine munophosphate; 2 - uridine monophosphate; 3 - deoxy- 
thymidine monophosphate; 4 - guanosine monophosphate; 5 - adenosine 
monophosphate. 

(All preparations 

Circular dichroism was measured on a dichrograph made by the French firm 

of Roussell-Jouan with three scales of sensitivity of 3, 2 ,  and 1.5010-~ 

optical units per mm at room temperature. The mono- and oligonucleotides 

were dissolved in distilled water (pH 5-6); optical density of the solution 

was no more than 1.0. A pH of 1.0 was produced by adding 0.2 m l  of 13 HC1 

to 2.0 m l  of the solution. 

measured was 230-310 mu. 

The region in which circular dichroism w a s  

The following nucleotides and oligonucleotides were employed: 5'-adeno- 

sine, 5'-guanosine monophosphorate, deoxy-5'-thymidine phosphate; ApCp, 

ApGp, GpCp, CpGp, CpG, GpUp, TpT; CpApGp, mixture (50% CpApGp - 50% ApCpGp), 
UpUpUp, UpUpUpGp, ApCpApCpGp, polyuridylic acid. 
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Results 

Figure 1 gives the  c.d, curves of various mononucleotides. The pyri- 

midines i n  the  long-wave region show a ra ther  wide pos i t ive  band with a / 9 7 9  

maximum a t  about 268-273 mu. In the  short-wave region (below 240 mu) uridine 

monophosphate and thymidine monophosphate have a weak negative band with i t s  

maximum apparently below 220 mp. The c.d. curves of t he  purines are con- 

s iderably less pronounced than those of the  pyrimidines and have a s ing le  

negative band - i n  adenosine monophosphate with A- about 255 m; the  posi- 

t i o n  of a weak  magimum was not determined f o r  guanosine monophosphate. 

The c.d. curves of dinucleotides are as a r u l e  of complex shape with 

several bands and, as analysis shows, are not the r e s u l t  of a simple addi- 

t i o n  of the c.d. of individual  nucleotides (Figure 2). Instead of a small 

negative maximum, which is expected i n  the  summation of the  c.d. of nucleo- 

t i des ,  f o r  ApGp at  pH 5-6, th ree  bands are seen: 

278 mu, (2) negative with & = 260 mp, and (3) pos i t ive  with & < 220 mu. 

The c.d. curve of ApCp is asymmetrical with a very s t rong pos i t ive  band 

having & = 275 mu and a weak negative band having )cmax around 235 mu. 

c l ea r  bands of d i f fe r ing  s ign a re  seen i n  TpT (A;, = 277 mp and A& = 250 mu). 

There are a lso  two bands in GpUp, but both are pos i t ive  - a very weak band 

with A m a x =  280 mu and a strong one with 

G and C p a i r  is  interest ing.  

curve has a cha rac t e r i s t i c  pos i t i ve  band with Amax = 280 mp. 

t i d e  with the  reverse order of bases, GpCp, has a broad pos i t ive  band, which 

both i n  s i z e  and i n  locat ion of the maximum (270 mu) is  congruent with the 

c.d. band f o r  cyt idine monophosphate (Figure 1) .  

(1) pos i t i ve  with A- = 

Two 

= 250 mu. The example of the  

In dinucleotide CpGp (and a l s o  CpG) t h e  c.d. 

The dinucleo- 

Therefore, i n  GpCp, the 
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Figure 2 

Circular Dichroism Curves 

Circular dichroism curve f o r  CpAp calculated from the  
Sol id  curves - d i s t i l l e d  w a t e r  (pH 5-6). Broken curves - pH 1.0. 

t r inuc leo t ide  CpApGp curve (Figure 3). 

the  e f f e c t  of the individual  bases i s  addi t ive (with a pH of 5-6). 

With a pH of 1.0 the  c.d. curve of dinucleotides has i ts  own shape. In 

ApGp, ApCp, and CpG the  c.d. e f f e c t  is sharply decreased, while in CpG there  

addi t iona l ly  appears a very weak pos i t ive  band a t  240-250 mu. 

GpUp, on the contrary, the c.d. e f fec t  increases  with a pH of 1.0. The /980 

c.d. curves f o r  these dinucleotides take on a cha rac t e r i s t i c  form with th ree  

bands, two pos i t ive  and one negative, which d i f f e r  from each other  only i n  

the  pos i t ions  of t he  f i r s t  two maxima - i n  GpCp A& = 295 mu, 

and Gax = 250 mp, while i n  GpUp they a re ,  respect ively,  285 mu, 265 mu, and 

250 mu. 

In GpCp and 

= 273 mu, 
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Circular Dichroism Curves of Oligonucleotides 

Sol id  curves - experimental values; broken curves - t heo re t i ca l  values 
obtained i n  "additive pair"  approximation. 
polyuridylic acid and UpUpUp the  broken curve represents  

In the  case of 

t h e  c.d. of ur id ine  monophosphate. A l l  preparations w e r e  dissolved 
in  d i s t i l l e d  w a t e r  (pH 5-6). 

a - CBG; b - UUUG, c - UUU, d - Mixture (50% ACG - 50% GAG); e - AGACG; 
f - Polyuridylic acid. 

The f i n d m s  on t h e  mono- and dinucleotides permit the  following con- 

clusions: (1) t he  c.d. e f f e c t  of dinucleotides is as a r u l e  not t he  r e s u l t  

of adding the  c.d. e f f e c t s  of t he  individual  mononucleotides, and thus cannot 

serve as a measure of t h e  s p e c i f i c  react ion between the  nucleotides; (2) t he  

shape of t h e  c.d. curve i s  cha rac t e r i s t i c  f o r  each pa i r ,  which m a k e s  i t  

poss ib le  t o  determine e a s i l y  from the c.d. curve t h e  composition and sequence 

of t he  nucleotide i n  a p a i r  (e.g., GpCp o r  CpGp); (3) t h e  change i n  pH is a 

convenient addi t iona l  f a c t o r  f o r  ident i fy ing  t h e  pa i r :  p a i r s  l ike  ApXp 

(X - any nucleotide) have high c.d. i n  neu t r a l  and subacid pH, while p a i r s  

of t h e  GpXp type have high c.d. with strongly ac id  pH. 

If w e  assume t h a t  t he  cha rac t e r i s t i c  c.d. curve shape occurs because 

of the  s p e c i f i c  reac t ion  of t he  most c losely adjoining nucleotides, there  

then arises the  a l lu r ing  p o s s i b i l i t y  of using the  c.d. method t o  determine 
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sequence i n  small oligonucleotides. 

oligonucleotide may be represented as t h e  sum of the c.d. curves of the 

separate  p a i r s  encountered i n  the  oligonucleotide i n  question (we w i l l  call 

t h i s  approximation " p a i r  additivity'?). The t r inuc leo t ide  ApCpGp, f o r  

example, consists of the  two p a i r s  ApCp and CpGp, but  w e  disregard the  

reaction between A and G. 

In tEs case the c.d. curve of the  

To check the correctness of "additive pair" approximation, we measured 

the c.d. curves of several  oligonucleotides (Figure 3). 

Two bands are seen i n  t h e  c.d. curve of CpApGp - a strong pos i t ive  

band with &= = 277 mu and a weak negative band with ha, = 245 mu. 

zero l ine  is crossed a t  A = 260 mu. 

t he  c.d. e f f ec t  f o r  t h i s  t r inucleot ide must be 

The 

In the  "additive pair" approximation, 

(1) 2 4 % ~  -I- 2 A e A c  d e w  
3 d 6 ~  = 

(AE is the  difference i n  molar extinction ( E ~  - E ~ )  f o r  one nucleotide). 

N o t  having the  p a i r  CpAp, w e  used the  c.d. curve f o r  CpApGp and 

Formula (1) t o  compute I n  Figure 2 the thus computed c.d. cume I981 

f o r  CpAp is depicted on the graph, together with the  experimentally derived 

c.d. curve for  ApCp - t he  curves w e r e  t h e  same i n  shape, but the  magnitude 

of the  e f f e c t  f o r  CpAp i s  somewhat lower. 

The c.d. curve f o r  the mixture (50% CpApGp - 50% ApCpGp), as w e l l  as 

f o r  CpApGp, displays two bands - a s t rong pos i t i ve  band with A- = 277 mu 

and a weak negative one w i t h  Lax = 245 mu. 

however, is  somewhat higher. 

tane nucleotide ApCpApCpGp, but  the negative band m a x i m u m  is  s l i g h t l y  s h i f t e d  

toward the  short  waves ( A  < 240 mu). 

The magnitude of t he  e f f e c t ,  

A similar s i t u a t i o n  is  seen a l s o  f o r  the  pen- 

In the  "additive pair" approximation, 
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t h e  5~ value f o r  t h e  mixture (ApCp~p - CpApGp) is determined from t h e  

A~ACACG =: 5 t (3) 
~ A S A C  + 26s CA+ 2 A q ~  - ~ A s W  - AS &@ 

Tne computational. resuits are given i n  Figure 3. B rather exact agree- 

ment with t h e  experimental curves i s  detected. 

With t h e  t r inuc leo t ide  UpUpUp the c.d. curve coincides with t h a t  f o r  

t he  mononucleotide ur idine monophosphate, which ind ica tes  lack  of reac t ion  

between adjacent u r a c i l  r ad ica l s  i n  small oligonucleotides. 

I n  t h e  te t ranucleo t ide  UpUpUpGp, t h e  value of AE has the  form 

o r ,  i f  we consider t h a t  bem = A E ~  (from t h e  da ta  of t r i nuc leo t ide  UpUpUp), 

then 

2 A q M P +  2AeU G 
9 A W U G  = 4 

Having no UpGp, w e  computed (5) on t h e  assumption t h a t  

(5) 

A m z =  At? r g ~  (6) 

Figure 3 gives the  r e s u l t s  of t h e  computations. The shape of t h e  

t h e o r e t i c a l  curve is c lose  t o  t h a t  of t h e  experimental one - t he re  are two 

pos i t i ve  bands with & around 270 rnw and Gax = 250 mu. 

s l i g h t l y  in magnitude 

The curves d i f f e r  

of t h e  e f f e c t .  This is  apparently the  result of t h e  

addi t iona l  approximation of (6) which w e  made during the  calculat ions.  

The c.d. curve f o r  polyuridylic ac id  ( i n  cont ras t  t o  UpUpUp) d i f f e r s  

perceptibly from t h a t  f o r  uMp - t he  c.d. magnitude i s  higher, and moreover, 
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t he re  is a clear ly  marked negative maximum at the shor t  wavelengths (A 

245 mu). 

= 
max 

I n  polyuridylic acid the secondary s t ruc tu re  of t he  polymer 

apparently adds its awn influence t o  the  c.d. e f f ec t  (see a l so  [Ref. 21). 

The above statements permit us t o  assume t h a t  there  is an "additive 

pair" pr inc ip le  and to give an optimistic evaluation of t he  use of the 

c.d. method f o r  determining t h e  sequence of bases in small oligonucleotides. 

The authors are g ra t e fu l  t o  V. A. Engel'hardt f o r  valuable discussion 

of the  work. 

Note i n  proof. While preparing the  art icle for pr in t ing ,  we have 

become acquainted with the  a r t i c l e  by Charles Cantor and J. Tinoco which 

proposes t h e  use of an a.d.0.a. method f o r  determining sequence i n  

oligonucleotides (Ref. 8 ) .  

I n s t i t u t e  of Molecdar Biology 
USSR Academy of Sciences 
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